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Abstract

We have used Gibbs ensemble and histogram-reweighting Monte Carlo techniques to obtain
the phase behavior of water and agueous mixtures at high pressures. These calculations are
relevant for the design of high-pressure separation processes, such as supercritical fluid
extraction and supercritical water oxidation. In particular, we have obtained the phase
behavior of several smple point charge models of water as well as polarizable versions of
these models. None of the models studied reproduce the experimentally observed phase
behavior and critical parameters of water. The binary mixture water / carbon dioxide at high
pressures has also been studied. Good agreement for this mixture has been obtained without
use of any adjustable parameters for the mixture interactions, thus suggesting that the
predictive power of molecular-based methods is greater than that of purely
phenomenological approaches, even when using imperfect pure component intermolecular

potentials models.
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1. Introduction

Molecular smulation methods have emerged in recent years as a vauable tool for
predictions of thermophysical properties of systems based on detailed models for the
intermolecular interactions. Simulations can be used to extend the range of experimental
measurements - for example, the critical properties of models for long-chain normal alkanes
have been obtained from ssimulations [1] at conditions for which experimental measurements
are impossible because of thermal decomposition. Predictions of the high-pressure phase
behavior of fluid mixtures is a natural area of application of smulation methods, since
experimentation at high pressure conditions is difficult, literature data are often sparse, and
semiempirical modeling methods often fail to describe many aspects of the phase behavior.
However, application of molecular simulation methods is limited by the lack of
intermolecular potential models that reproduce accurately the thermodynamic properties and
phase behavior of pure components and mixtures. The present work is part of an ongoing
effort a Cornell to obtain intermolecular potential models that can be used for reliable
predictions of properties for technologically important fluids over broad ranges of

temperatures and densities.

Water and agueous solutions are of great importance in many fields of science and
engineering. Because of this, significant efforts have been made to obtain reliable
intermolecular potential models for water. The SPC [2], SPC/E [3] and TIP4P [4]
potentials are popular because of their ssimplicity and relative accuracy for properties such as
the energy and the radial distribution function of the liquid at ambient conditions. However,
the potential parameters of these models were obtained by fitting to experimental values in
the liquid at ambient conditions and are not necessarily appropriate for calculating properties

at different temperatures and densities.



Water is known to be a highly polarizable molecule and the effective intermolecular
interactions vary with density and temperature. Fixed-charge models such as SPC and
TIP4P do not take this variation into account. One possibility for improving simple point
charge models for water is to introduce polarizability. A number of polarizable water
models have aready been proposed (for example, [5]). However, to our knowledge, the

phase behavior of polarizable water models has not been studied previously.

In the present paper, we review briefly the Temperature and Hamiltonian Scaling
Gibbs ensemble Monte Carlo method from which we obtain the properties of several models
over arange of temperatures in a single simulation, and histogram reweighting methods that
allow the accurate calculation of properties over arange of densities and temperatures from
a series of grand canonical Monte Carlo calculations. The next section presents non-

polarizable and polarizable intermolecular potential models for water, and results for their
coexistence and critical properties. We present calculations for the CO»-H2O binary mixture

that demonstrate the predictive power of molecular smulation methods even when the

intermolecular potential parameters are not perfectly known.

2. Simulation methodologies

2.1. Temperature and Hamiltonian scaling Gibbs ensemble Monte Carlo

The Gibbs ensemble methodology [6,7] is a well-established technique for molecular-based
calculations of phase equilibriain fluids and mixtures. The method is based on performing a
calculation in two distinct regions, coupled in away that ensures that the conditions of phase
equilibrium are satisfied in a statistical sense. In its original formulation, a single calculation
gives the coexistence densities (and compositions in the case of mixtures) for a given

temperature and overall density or pressure.

Valleau [8] has introduced “thermodynamic scaling Monte Carlo” methods. The

methods allow sampling of multiple points in thermodynamic parameter space (e.g. different



temperatures, Hamiltonians, or densities) by introducing a weighting function to force the
smulated system to sample the range of parameter space of interest. In a previous
publication [9] we have combined the Gibbs ensemble Monte Carlo method with the concept
of temperature- and Hamiltonian-scaling, thus allowing the calculation of phase equilibriafor
a range of temperatures and intermolecular potential models. The combined method,
“Temperature and Hamiltonian Scaling Gibbs Monte Carlo” (THSG) is used in the present

paper to study the properties of non-polarizable intermolecular models for water.

2.2. Histogram reweighting

The method has been described previoudy [10] - here, we would like to summarize the
technique as applied to fluid systems. A grand canonicd Monte Carlo simulation is
performed in a smulation cell of size V, under periodic boundary conditions. Particles are
created and annihilated using the standard acceptance criteria [11]. The frequency of

occurrence of N particlesin the smulation cdll, f(N), is

f(N)=Q(NV,T)e"™ /x(mv.T) (1)

Given the distribution function f(N) (collected in histogram form in the production period of
a smulation), an estimate of the ratio of canonical partition functions for the system under
study for two different values of N in the range covered by the simulation can be obtained

directly as

Qu(N5,V,T) _ F(Ny) DTN~ N)
Qa(N2,V,T)  f(Ny) '

(2)

In addition, one expects that a simulation at the same temperature, but at a different value of

the chemical potential, mt, would result in a new distribution function, f €N ), with
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Rescaling can only be performed over a limited range of chemical potentials since the
originad smulation run only contains statistically significant values over a finite range of
particle numbers N. For extending the range of particle numbers over which the partition
function ratio can be determined from equation 2, severa runs will need to be performed at
different values of the chemical potentia that result in overlapping distribution functions
f(N). The discussion above was performed on the basis of reweighting for a single variable,
the number of particles, N, for reasons of illustrative simplicity. In actua practice, two
dimensiona histograms for the frequency of observation of a certain number of particles, N,
and a certain energy, E, are collected. This alows for reweighting in both temperature and
chemical potential. For combining results from multiple runs, the technique of Ferrenberg
and Swedsen [12] isused. The method has been used recently to obtain phase coexistence
properties of polarizable Stockmayer fluids [13].

3. Intermolecular potential models studied

A class of intermolecular potential models for water is obtained by describing the
electrostatic interactions from a distribution of point charges and dispersion and repulsion
interactions using smple Lennard-Jones empirical forms. A schematic of typical models is
shown in Figure 1. The center for the Lennard-Jones interactions for the oxygen atom is
point O. Positive partial charges are placed at two symmetric sites, H, and a negative charge
equal to twice each of the positive charges at a position M, which may be different than the
location for the center of the oxygen-oxygen Lennard-Jones interactions. Table 1
summarizes the intermolecular potential models studied in thiswork. These include the SPC
[2], SPC/E [3] non-polarizable models, and polarizable models with the SPC and TIP4P [4]
geometries as well as the Kozack-Jordan polarizable model [5]. The polarizable models
with SPC and T1P4P geometry are termed, respectively, SPC/P and TIP4P/P. These models
were obtained by rescaling the positive and negative charges by a constant factor, so that the

experimentally measured gas-phase dipole moment (1.85 D) is recovered for the isolated



molecule. An isotropic polarizability of 0.00144 nm° was added at the center of Lennard-

Jones interactions for oxygen.

Fig. 1. Schematic geometry of water models

Table 1. Geometry and intermolecular potential parameters for water models

Parameter  SPC SPCIE sPC/P TIP4P/P KJ
r(OH), nm 0.1 0.1 0.1 0.09572 0.0957
DHOH, deg.  109.47 109.47 109.47 104.52 104.5
eoo/ks, K 78.197 78.197 78.197 78.197 211.51
Soo, MM 0.3166 0.3166 0.3166 0.3154 0.317
Qo, € -0.82 -.8476 -0.6690 0. +1.2456
Qu, e -0.8836 -2.4912
Qu, e +0.41 +0.4238 +0.3345 +0.4418 +0.6228
r(OM), nm 0.015 0.0138
Mo, D 2.27 2.35 1.85 1.85 1.85

a, nm’ - - 0.00144 0.00144 0.00144




4. Results and discussion

4.1 Non-polarizable water models

Our results for the coexistence properties of the non-polarizable water models are shown in
Figure 2. Agreement between our current calculations using both the Gibbs ensemble and
THSG and results from previous investigations is excellent. Some statistical noise is present
in the THSG results, which are in the form of continuous curves. From analysis of results
from histogram-reweighting data for SPC and SPC/E water (not shown in Figure 2) we
obtain estimates of the critical properties of these models as follows. Tc= 593.8£1.0 K,
r c=262.5+9.7 kg/m® (SPC) and Tc= 639.0+1.1 K, r c=262.2+8.4 kg/m® (SCP/E). These are
to be compared to the experimental values of Tc= 647.29 K, r =317 kg/m’. These values
are dightly different than the most recent previous calculation for the SPC/E model [15]
namely Tc= 630.4 K, r =308 kg/m® (SCP/E) Both non-polarizable models underestimate
the critical temperature and density, even though the SPC/E model does significantly better
for the critical temperature than the SPC model. Interestingly, the model that does better for
the critical temperature (SPC/E) performs less well than the SPC mode for the vapor
pressure. In figure 3, we show results of our calculations for the vapor pressure of the non-

polarizable water models.

4.2 Polarizable water models

The phase behavior of the polarizable models of Table 1 obtained from histogram-
reweighting GCMC calculations is shown in figure 4. As seen in figure 4, the polarizable
versions of the SPC and T1P4P models underestimate significantly the critical temperature of
water. From the point of view of predicting the phase behavior near the critical point, the
polarizable models studied here are no better than the non-polarizable ones. The Kozack-
Jordan model overestimates the critical temperature - the model also does not do very well

in predicting the structure of liquid water at ambient conditions [5].
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Figure 2. Saturated liquid and vapor densities for water. (¥) Experimental data; For the SPC model: ()

dePabloet al., [14]; (A) Thiswork, Gibbs ensemble; (short dashed line) this work, THSG; For the SPC/E
model: (@) Algjandre et al., [15]; () this work, Gibbs ensemble; (long dashed line) this work, THSG.
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Figure 3. Saturated liquid and vapor densities for water. (%) Experimental data ; For the SPC model: (A)
This work, Gibbs ensemble; (short dashed line) this work, THSG; For the SPC/E model: ([1) this work,
Gibbs ensemble; (long dashed line) this work, THSG.
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Figure 4. Phase behavior of polarizable water models from histogram reweighting GCMC simulations. (%)
Experimental data ; (<) KImodel; ( ) TIPAP/P model; (A) SPC/P model. For an explanation of the

model's see section 3.

4.3 Water-carbon dioxide mixtures

Even though the models for water we have studied do not reproduce exactly the phase
behavior of the pure substance, it is interesting to test how well they perform in predictions

of agueous mixture phase behavior. A mixture particularly important for high-pressure
separation processes is the CO2-H20 binary. A good intermolecular potential model for
pure CO2 isavailable[16]. Harismiadis et a. [17] have calculated the phase behavior for the
mixture water / carbon dioxide, without using any adjustable binary parameters for the cross
potential parameters. They used the SPC model for HoO and the Harris and Yung [16]
model for CO». Unlike-pair potential parameters for the Lennard-Jones interactions were

calculated with the Lorenz-Berthelot rules. The coulombic interactions do not require any



unlike potential parameters. Typical results are shown in Figure 4. Simulation results agree
with the experimental solubility data within the statistical uncertainties. For other
temperatures [17] the solubility of water in the CO2-rich phase at higher pressure shows
deviations between experimental and calculated results. The overall agreement is quite
remarkable, given that no adjustment of the intermolecular potential parameters has been
performed to match experimental data. By comparison, a phenomenological equation of
state with one adjustable parameter is unable to reproduce the data for the solubility of the
two phases smultaneoudly. The ability to make reasonable predictions for the mixture phase
behavior without adjustable parameters fitted to experimental data is expected to be one of

the main benefits of molecular simulation methods.
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Figure 5. Phase behavior of the CO,-H,O system. (-) Experimental data[18,19,20]; () Gibbs ensemble

calculations using the SPC model for H,O and the Harris and Y ung model for CO, [17]; (%) Prediction of
the Peng-Robinson equation of state with one binary adjustable parameter.



Conclusions

We have calculated the phase behavior near the critical region for severa polarizable and
non-polarizable models for water. The best simple non-polarizable model in terms of critical
temperature is the SPC/E model, but the SPC model predicts the vapor pressure in better
agreement to experiment over a broad temperature range. The polarizable models studied
here are similar to the SPC and TIP4P non-polarizable models in geometry, but also fail to

capture the phase behavior of water near the critical point.

Even with imperfect pure component models, encouraging results have been
obtained for the phase behavior of binary mixtures of water and carbon dioxide, without use

of adjustable parameters fitted to mixture experimental data.
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